
Expression of Versican Isoform V3 in the Absence
of Ascorbate Improves Elastogenesis
in Engineered Vascular Constructs

Paul A. Keire, Ph.D.,1,2 Nicolas L’Heureux, Ph.D.,3 Robert B. Vernon, Ph.D.,1

Mervyn J. Merrilees, Ph.D., D.Sc.,4 Barry Starcher, Ph.D.,5 Elena Okon, Ph.D.,6

Nathalie Dusserre, Ph.D.,3 Todd N. McAllister, Ph.D.,3 and Thomas N. Wight, Ph.D.1,2

A promising method to fabricate tissue-engineered blood vessels is to have cells synthesize the supportive
extracellular matrix scaffold of the tissue-engineered blood vessel; however, a shortcoming of this method has
been limited elastogenesis. Previously, we found that arterial smooth muscle cells (ASMCs) produced significant
quantities of elastin when transduced with splice variant 3 of the proteoglycan versican (V3). In this study, we
assessed whether elastogenesis and the structural properties of entirely cell-derived engineered vascular con-
structs could be improved by the incorporation of V3-transduced rat ASMCs. After 18 weeks of culture, V3
constructs had more tropoelastin, more elastin crosslinks, higher burst strengths, greater elasticity, and thicker
collagen fiber bundles compared with empty-vector controls. The expression of elastin and elastin-associated
proteins was increased in V3 and control ASMC monolayer cultures when ascorbic acid, which promotes
collagen synthesis and inhibits elastogenesis, was removed from the medium. Engineered vascular constructs
with ascorbate withdrawn for 14 weeks, after an initial 4-week exposure to ascorbate, exhibited increased elastin,
desmosine content, elasticity, and burst strength compared with constructs exposed continuously to ascorbate.
Our results show that V3 coupled with limited exposure to ascorbate promotes elastogenesis and improves the
structural and functional properties of engineered vascular constructs.

Introduction

Arteriosclerosis and peripheral arterial disease
affect more than 4 million patients in the United States,

with approximately 600,000 vascular bypass procedures
performed each year.1 In both cardiac and peripheral bypass
surgery, autologous veins or arteries are the gold standard
for replacement blood vessels; however, a substantial num-
ber of patients lack suitable vessels for grafting. Accordingly,
a significant effort has been made to develop engineered
vascular grafts, in particular, grafts made from synthetic
materials. Synthetic grafts, however, have not been com-
pletely satisfactory, as they are prone to thrombosis, foreign
body response, stenosis, calcification, and bacterial contam-
ination.2

An alternative to synthetic vascular grafts involves the
production of tissue-engineered blood vessels (TEBVs) from
cells seeded into prefabricated supportive scaffolds made

from natural extracellular matrix (ECM) proteins. Currently,
this approach is problematic, in that no available pre-
fabricated scaffold closely matches the structure of native
vascular ECM. In this context, recent approaches have ex-
plored entirely biogenic TEBVs in which the supportive ECM
scaffold is synthesized by the cells themselves.3 With opti-
mization of the ECM scaffold and the use of autologous cells,
biogenic TEBVs may provide the best possible host inte-
gration, homeostasis, self-renewal, and vasomodulatory
response.

The mechanical properties of the walls of native arteries
are determined in large part by the resilient ECM protein
elastin, which is deposited by resident arterial smooth
muscle cells (ASMCs) in the form of elastic fibers.4 The elastic
fibers are arranged in concentric, fenestrated lamellae in the
media of the vessel wall.5 In addition to its mechanical
contribution, elastin regulates ASMC growth—elastin
knockout mice die from vascular stenosis as a consequence
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of excessive ASMC proliferation and synthesis of an occlu-
sive neointimal matrix.6

Since elastic fibers are critical to the performance of native
blood vessels, there is substantial interest in developing
TEBVs enriched in elastin.5,7–9 Notably, elastin synthesis is
prominent in late fetal and perinatal vasculature; however,
adult ASMCs synthesize little or no elastin either in vivo or
in vitro.10,11 Consequently, a major deficiency in TEBVs that
incorporate adult ASMCs is the lack of functional elastic fibers
and lamellae,12–14 which can lead to mechanical failure.13

Therefore, an important goal in TEBV fabrication is to induce
adult ASMCs to produce a functional elastin architecture.

Our previous studies have shown that manipulating
the expression of versican, a proteoglycan synthesized by
ASMCs, promotes the synthesis and assembly of elastic fibers
in vitro and in vivo.15 Full-length versican (V0) inhibits elas-
togenesis, which may be mediated by chondroitin sulfate
(CS)–glycosaminoglycan (GAG) chains attached to two of its
four domains.16 In contrast, the versican splice variant 3 (V3),
which lacks CS-GAG chains, is elastogenic. The mechanism
for the proelastogenic effect of V3 is unclear, but may involve
displacement of full-length versican from the pericellular
environment where elastic fibers first form.15

We have shown that adult rat ASMCs that expressed V3
following retroviral transduction produced tropoelastin and
formed highly crosslinked elastic fibers in vitro and in vivo.15

Therefore, the induction of elastogenesis by adult ASMCs
transduced with V3 could be a particularly useful strategy
for making TEBVs with functional levels of elastin. Another
strategy is to control the use of the media additive ascorbate
that has been shown to inhibit elastin synthesis.17 In this
study, we evaluate the effect of both V3 transduction and
ascorbate on production of elastin and elastin-associated
proteins by adult rat ASMCs cultured either in monolayers
or incorporated into engineered constructs that simulate the
vascular media. We also compare the histological and me-
chanical properties of the vascular constructs.

Materials and Methods

Cells and monolayer cultures

ASMCs, originally isolated from Fischer 344 rat aortas,18

were transduced with V3-packaged (LV3) or empty-
retroviral control (LX) particles (courtesy of Dr. A.D. Miller,
Fred Hutchinson Cancer Research Center, Seattle, WA). Sev-
eral transductions were performed with ASMCs of different
passages and, for each transduction, parallel pools of LX and
LV3 cells were selected by means of the neomycin analogue
G418 (800mg=mL) and passaged in high-glucose (25 mM)
Dulbecco’s modified Eagle’s medium (DMEM; Irvine Scien-
tific, Santa Ana, CA; cat. no. 9024) supplemented with 10%
fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA; cat. no. S11150), sodium (Na)-pyruvate (Irvine Scientific;
cat. no. 9334), nonessential amino acids (Irvine Scientific; cat.
no. 9304), glutaMAX� (Invitrogen, Carlsbad, CA; cat. no.
35050-061), and 50 U=mL penicillin=50mg=mL streptomycin
(Invitrogen; cat. no. 15070-063). LV3 ASMC populations were
selected for high levels of V3 synthesis using northern blot
assays.15 LV3 and LX ASMCs were used for experiments
between five and nine passages after transduction. Trans-
duced ASMCs were maintained routinely in high-glucose
DMEM with 10% FBS, 1% nonessential amino acids, peni-

cillin (100 U=mL), and streptomycin (100 mg=mL). For eval-
uation of monolayer cultures, LV3 and LX ASMCs were
cultured at confluence for 30 days in the presence or absence
of 500 mM Na ascorbate (Sigma Chemical, St. Louis, MO) and
assayed, as described below, to determine (1) levels of ex-
pression of tropoelastin, lysyl oxidase (LOX), fibrillin-1, and
fibulin-5 mRNAs and (2) levels of elastin crosslinking, as
measured by quantitation of desmosine.

Construction of tubular vascular constructs

LV3 ASMCs overexpressing versican V3 (passages 3–5)
were initially characterized by northern blot analysis as
having high levels of tropoelastin mRNA versus the control
LX ASMCs. The LV3 and LX ASMCs were grown to produce
tissue sheets7 as follows: the ASMCs were seeded at 104

cells=cm2 on gelatin-coated T-75 flasks and cultured in a
basal medium of DMEM supplemented with Ham’s
F12 (20%), FBS (FetalClone�; HyClone, Logan, UT) (20%),
glutamine (2 mM), penicillin (100 U=mL), streptomycin
(100 mg=mL), and Na ascorbate (500 mM) (Sigma Chemical).
After an initial culture period of 12 weeks, the resulting cell
sheets were rolled around Teflon�-coated (DuPont,
Wilmington, DE), stainless steel mandrel supports of 4.6 mm
diameter and cultured on the mandrels in basal medium for
an additional 4 weeks. Subsequently, the LV3 and LX con-
structs were separated into two groups that received either
(1) basal medium (two LV3 and two LX constructs) or (2)
basal medium lacking ascorbate (two LV3 and two LX con-
structs). The two groups were then cultured for 14 weeks in
their respective media, which was changed three times a
week. After a total of 18 weeks of culture on mandrels,
the tubular constructs were cut into ring-shaped segments
(Fig. 1) for histological, biochemical, mechanical, and phys-
iological assays.

Measurements of wall thickness and histological
analysis of vascular constructs

Wall thicknesses of vascular constructs were measured
from 3 mm long, ring-shaped segments fixed with 10%
neutral-buffered formalin (NBF). Images of segment cross
sections were acquired using a stereomicroscope equipped
with a high-resolution CCD camera (Insight Color Mosaic;
Diagnostic Instruments, Sterling Heights, MI). Digital images
of 10 randomly selected locations of the wall of each construct
were measured using digital calipers (SPOT Image Analysis
software, Windows version 4.6; Diagnostic Instruments).

For histological analysis, ring-shaped segments from the
vascular constructs were placed directly into NBF and kept

FIG. 1. Engineered vascular construct on mandrel support.
This specimen has been divided into ring-shaped segments
(arrowheads) for analysis. Color images available online at
www.liebertonline.com=ten.
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at 48C for up to 72 h, followed by dehydration in an alcohol
series and embedment in paraffin. Paraffin sections of 5mm
thickness were stained with modified Movat’s19 and picro-
sirius red. Modified Movat’s demonstrated general histolog-
ical structure and revealed proteoglycans, GAGs, collagen,
and elastin, whereas picrosirius red showed collagen orga-
nization and structure under plane-polarized light.20

Immunohistochemical assays of vascular constructs

For immunohistochemical analyses of tropoelastin in the
vascular constructs, ring-shaped segments of the constructs
(and rat aortas, which served as positive controls) were fixed
overnight in 10% NBF at 48C, dehydrated, and embedded in
paraffin. Sections of 5 mm thickness were deparaffinized,
blocked 1 h in 2% goat serum in phosphate-buffered saline
(PBS), incubated 2 h in a 1:1000 dilution of a rabbit polyclonal
antibody to bovine tropoelastin (a kind gift from Dr. Robert
Mecham, Washington University, St. Louis, MO), washed in
PBS, and incubated 1 h in biotinylated goat anti-rabbit IgG
(Zymed Laboratories, South San Francisco, CA) (1:400 in
PBS). Subsequently, sections were washed in PBS, exposed
for 30 min to streptavidin–horseradish peroxidase (Invitro-
gen) (1:400 in PBS=0.1% bovine serum albumin), and devel-
oped for 10 min in 3,30-diaminobenzidine (Sigma Chemical).

Measurement of mRNA

Elastin, collagen-I, fibulin-1, fibulin-5, fibrillin-1, and LOX
mRNA levels in LV3 and LX ASMC monolayer cultures and
in the tubular vascular constructs were determined from
total RNA extracts (Agilent Total RNA kit; Agilent, Santa
Clara, CA). An Applied Biosystems HT7900 analyzer (Foster
City, CA) and validated stock probe sets were used to per-
form quantitative real-time reverse-transcription polymerase
chain reaction analyses. For each experimental condition,
three independent RNA extractions were made, and each
extract was analyzed in triplicate.

Desmosine analyses

ASMC monolayer cultures and isolated, ring-shaped seg-
ments from tubular vascular constructs were assayed for
levels of desmosine (to establish elastin crosslink density) as
follows: medium was aspirated from the ASMC monolayers,
and the monolayers were rinsed once in PBS, then removed
from the culture dishes with a cell scraper, and placed in
Eppendorf tubes. The cell monolayer material and individual
segments from the vascular constructs were lyophilized,
weighed, placed in locking microfuge tubes, and hydrolyzed
24 h in 500mL of 6 M HCl at 1058C. The hydrolysates were
evaporated completely, redissolved in 1 mL of water, and
microfuged. Five microliters of the hydrolysate was assayed
by radioimmunoassay as described previously.21 Desmosine
levels were expressed per milligram total protein in the hy-
drolysate, as established by a ninhydrin-based method.22

Ultrastructural analyses

Cross sections of the tubular vascular constructs were
fixed in standard Karnovsky’s fixative, postfixed in OsO4,
dehydrated, embedded in Epon resin, ultrathin sectioned,
and stained with uranyl acetate=lead citrate with or without
ruthenium red. Stained sections were imaged by transmis-

sion electron microscopy (TEM), and the digitized electron
micrographs were analyzed with SPOT Image Analysis
software to establish the diameters of individual collagen
fibrils and collagen fiber bundles.

Mechanical testing of vascular constructs

Biomechanical properties (stress–stain profile and burst
pressure) of tubular vascular constructs formed from LV3 and
LX ASMCs were tested on a pressure-strain test bed. Vascular
constructs (four LV3 and four LX) with lengths of approxi-
mately 3.3 cm were bathed in 378C media and first underwent
stress preconditioning by cycling the intraluminal pressure
between 0 and 120 mmHg three times. Stress–strain mea-
surements were then performed by raising the intraluminal
pressure of each construct in 1–5 mmHg increments and
measuring their external diameters with a stereomicroscope
and high-resolution CCD camera (Insight Color Mosaic;
Diagnostic Instruments). For each vascular construct, the
pressure–strain relation was tested at least four times between
0 and 120 mmHg. After these measurements were taken, the
constructs were pressurized to destruction, and the burst
pressure was recorded. Calculation of vessel circumferential
compliance was made assuming incompressibility of the
construct wall using the relation C¼ (DD=D0)=DP, where DD
is the change in vessel diameter for a given change in pressure
(DP), from an initial diameter D0.23

Viability and vasoresponsiveness
of vascular constructs

Ring-shaped segments (ringlets) (each 3 mm in length)
isolated from LV3 and LX tubular vascular constructs (Fig. 1)
were evaluated in a tissue myograph equipped with a
PowerLab� data acquisition system (AD Instruments, Col-
orado Springs, CO). The ringlets were mounted in jacketed
tissue baths containing physiological saline solution (HEPES;
pH 7.4) prewarmed to 378C and oxygenated with 100% O2.
Preload of approximately 0.4 mN was applied to each ringlet
before testing. The viability of the ringlets was assessed
by measuring the response to depolarization (80 mM Kþ),
and then repolarization once the Kþ was washed out. Both
vasoconstriction (U46619, a nonhydrolysable analog of
thromboxane A2) and vasodilation (Na nitroprusside, a ni-
tric oxide donor) modes of vasoresponse were tested.24

Statistical analysis

Results, where applicable, were expressed as mean�
standard deviation. Student’s t-test was applied to determine
statistical significance between experimentals and controls,
with a p-value of < 0.05 deemed significant.

Results

V3 promotes elastogenesis by ASMC
monolayer cultures

Using northern blot assays, we measured the mRNA ex-
pression levels of tropoelastin in versican V3-overexpressing
(LV3) ASMCs and in LX empty-vector controls grown in
monolayer cultures. LV3 ASMCs expressed a significantly
greater amount of tropoelastin mRNA after 18 days in vitro
in comparison to the LX controls (Fig. 2). The difference in

ELASTIN IN ENGINEERED BLOOD VESSEL SUBSTITUTES 503



tropoelastin mRNA expression between LV3 and LX ASMCs
was even more pronounced at 30 days of culture, in that
tropoelastin mRNA levels were sustained by the LV3 ASMCs,
but were significantly reduced in the LX ASMCs (Fig. 2).

In subsequent in vitro experiments, using 30 days as an
endpoint, the addition of 500mM of ascorbate significantly
inhibited the expression of tropoelastin mRNA by LV3
ASMCs (Fig. 3A). The relatively low expression of tropoe-
lastin mRNA by LX ASMCs was not significantly affected by
addition of ascorbate (Fig. 3A). In agreement with the ex-
pression of tropoelastin mRNA, 30-day cultures of LV3
ASMCs synthesized significantly more desmosine (indicative
of mature, crosslinked elastin) than did LX ASMCs (Fig. 3B).
Moreover, desmosine levels by LV3 ASMCs were signifi-
cantly reduced by ascorbate (Fig. 3B). Levels of mRNA for
the elastin-associated proteins fibulin-5 and fibrillin-1 were
consistently higher in LV3 ASMCs than in LX ASMCs (Fig.
3C). Among LV3 ASMCs, not only did ascorbate substan-
tially reduce the expression of tropoelastin mRNA but also
significantly reduced the expression of fibulin-5 and LOX
mRNAs (both of which have been shown to be essential for
elastin fibrillogenesis and organization in vivo) (Fig. 3D).
Ascorbate modestly increased fibrillin-1 mRNA in LV3
ASMCs (Fig. 3D). Collectively, the data indicated that elas-
togenesis by adult rat ASMCs in monolayer culture could be
significantly increased by transducing the cells with V3 while
limiting exposure of the cells to ascorbate.

Transduction of ASMCs with V3 and limited exposure
to ascorbate promote elastogenesis in engineered
vascular constructs

After removal from the mandrel, the tubular vascular
constructs were divided into sections (Fig. 1) for subsequent
histological, biochemical, and biomechanical analyses, and
measurement of vasoresponse. Macroscopically, constructs
made from LV3 ASMCs had thicker walls than constructs
made from LX ASMCs, regardless of whether ascorbate was

present for the entire 18 weeks of culture or withdrawn after
4 weeks of culture (Table 1). Under conditions of continuous
ascorbate, the LX constructs had slightly thicker walls than
the LX constructs that had ascorbate withdrawn, but this
difference was not statistically significant.

Histochemical assays with Movat’s stain showed that
the LX constructs (Fig. 4A) had greater quantities of
proteoglycan=GAG-rich ECM (as indicated by a greater in-
tensity of blue coloration) than did the LV3 constructs (Fig.
4B). Immunohistochemical staining for elastin showed that
relatively little elastin was present in the walls of the LX
constructs (Fig. 4C), whereas significant quantities of elastin
were present in the walls of the LV3 constructs (Fig. 4D,
arrows), especially in adluminal regions, as is typical of
many native blood vessels (Fig. 4E, arrows). The differences
in proteoglycan=GAG expression and elastin levels of LV3
and LX constructs exposed continuously to ascorbate were
similar to corresponding LV3 and LX constructs that had
ascorbate withdrawn (data not shown).

Picrosirius red staining and imaging under polarized light
indicated that LV3 vascular constructs had thicker collagen
fiber bundles. The LX constructs had relatively fine (green)
bundles of collagen fibers (Fig. 5A, C), whereas LV3 con-
structs had thicker (yellow-red) collagen fiber bundles (Fig.
5B, D). Among the LV3 and LX constructs, the presence or
absence of ascorbate made no observable difference in the
appearance of collagen fibers after picrosirius red staining.

The results obtained by picrosirius red staining were sup-
ported by TEM assays, which indicated that LV3 vascular
constructs had significantly thicker collagen fiber bundles
than did LX constructs (Fig. 5E). TEM also revealed that for
both LV3 and LX constructs, exposure to ascorbate reduced
collagen bundle thicknesses. Interestingly, the average di-
ameter of individual collagen fibrils was slightly lower in LV3
constructs than in LX constructs (Fig. 5F). Collagen fibril di-
ameters in LV3 and LX constructs were not significantly dif-
ferent in the presence or absence of ascorbate. Consistent with
the ASMC monolayer data, mRNA for tropoelastin was ele-
vated in LV3 constructs relative to LX constructs (although
there was little difference between LV3 and LX constructs in
the presence of ascorbate) (Fig. 6A). Compared with con-
structs that had ascorbate withdrawn, continuous exposure to
ascorbate sharply reduced tropoelastin mRNA in LV3 con-
structs, but had little effect on the relatively low levels of
tropoelastin mRNA in LX constructs (Fig. 6A). In addition to
elevated tropoelastin mRNA (and increased immunohisto-
chemical staining for tropoelastin; Fig. 4D), LV3 constructs
contained higher levels of desmosine than did LX constructs
(Fig. 6B), indicating that the LV3 constructs were enriched for
crosslinked, insoluble elastin relative to the LX constructs.
Further, addition of ascorbate to LV3 and LX constructs re-
sulted in a substantial decrease in desmosine levels relative to
constructs that had ascorbate withdrawn (Fig. 6B). This
finding suggested that ascorbate was suppressing the depo-
sition of mature, insoluble elastin within the constructs, just as
it did in the ASMC monolayer cultures (Fig. 3B). Also con-
sistent with our ASMC monolayer culture data was the
finding that fibulin-5 and fibrillin-1 mRNAs were generally
higher in LV3 constructs than in LX constructs, with LOX
mRNA lower (Fig. 6C). Among LV3 constructs, the continu-
ous presence of ascorbate significantly reduced mRNAs for
tropoelastin, fibulin-5, fibrillin-1, and LOX (Fig. 6D).

FIG. 2. Tropoelastin levels are sustained in V3-
overexpressing ASMCs. Bar graph represents elastin mRNA
levels from northern blots of both control (white columns)
and V3-overexpressing (black columns) rat ASMC mono-
layer cultures after 18 or 30 days in vitro (n¼ 3). Expression
of tropoelastin mRNA by LX ASMCs diminishes signifi-
cantly after 30 days ( p< 0.01), but is maintained by LV3
ASMCs. ASMCs, arterial smooth muscle cells. V3, versican
splice variant 3.
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Expression of V3 and withdrawal of ascorbate increase
the elasticity and strength of engineered
vascular constructs

The stress–strain plot of LV3 constructs cultured contin-
uously in ascorbate (Fig. 7A) indicated a high elasticity at
low strains (0–12%) and a significant reduction in elasticity at
higher strains (12–18%), similar to stress–strain responses of
native blood vessels.25 At low strains, the LX constructs were
slightly less elastic than the LV3 constructs, as indicated by a
higher modulus (slope). In the presence of ascorbate, the LX
constructs also burst at much lower pressures (Fig. 7A).
Withdrawal of ascorbate from the LX constructs increased
the burst pressure of the constructs tested, but decreased
their elasticity relative to LX constructs exposed continu-
ously to ascorbate (Fig. 7B and Table 2), whereas the with-
drawal of ascorbate from the LV3 constructs led to an
increase in both burst pressure and elasticity (the latter

FIG. 3. Differential expression of elastin and elastin-associated proteins by ASMCs is influenced by ascorbate. (A) After 30
days of culture in the presence of 500 mM ascorbate, LV3 ASMCs exhibit a significantly reduced expression of tropoelastin
mRNA relative to LV3 ASMCs cultured for the same period of time in the absence of ascorbate. The low levels of tropoelastin
mRNA expressed by LX ASMCs are little affected by the presence or absence of ascorbate (n¼ 3), p< 0.05. (B) Desmosine
levels, a measure of mature, crosslinked elastin, are very much higher in LV3 ASMCs compared with LX ASMCs and are
significantly reduced in the presence of ascorbate (n¼ 3), p< 0.05. (C) mRNAs for the elastin-associated proteins fibulin-5 and
fibrillin-1 are elevated in LV3 ASMCs compared with LX ASMCs, but LOX mRNA is similar or lower. For both LV3 and LX
ASMCs, ascorbate reduced the levels of fibulin-5 and LOX mRNA, while increasing the levels of fibrillin-1 mRNA ( p< 0.05).
For each mRNA, values were normalized to the LXþ ascorbate expression level. (D) In correspondence with levels of
tropoelastin mRNA, ascorbate significantly reduces the mRNAs for the elastin-associated proteins fibulin-5 and LOX ex-
pressed by LV3 ASMCs (n¼ 3), p< 0.05. For each mRNA, values were normalized to the LV3þ ascorbate expression level.
LOX, lysyl oxidase.

Table 1. Effect of V3 Expression and Presence

of Ascorbate on Wall Thickness of Tubular

Vascular Constructs

Treatment

Wall thickness (mm)

LX V3

Continuous ascorbate 384� 43 (4) 447a� 46 (4)
Removal of ascorbate 324� 17 (4) 483� 21 (4)

LV3 versus LX controls (n values are shown in parentheses for
the number of ringlets measured). The values represent mean�
standard deviation.

ap< 0.05.
V3, versican splice variant 3.
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indicated by a lower modulus) relative to LV3 constructs
exposed continuously to ascorbate (Fig. 7C). Destructive
testing indicated that collectively the LV3 constructs failed at
higher pressures (397� 55 mmHg; n¼ 3) than did the LX
constructs (206� 60 mmHg; n¼ 3), p< 0.007. Compliance
calculations of multiple vessels indicated that the LV3 con-
structs with the ascorbate removed were the most compliant
followed by, in descending order, LV3þ ascorbate,
LXþ ascorbate, and LX� ascorbate (Table 2).

LX and LV3 vascular constructs were vasoresponsive

When ringlet segments 3 mm in length from the vascular
constructs were evaluated in a tissue myograph, all the ring-
lets depolarized and then repolarized in response to a potas-
sium bolus (data not shown). The vasoresponsiveness of the
ringlets was determined by using agents that induced either
vasoconstriction (U46619) or vasodilation (Na nitroprusside).
Administration of U46619 induced a contractile response of
approximately 0.5 mN, whereas Na nitroprusside induced
relaxation responses that were as much as �0.4 mN (Fig. 8).
These results showed that both the LX and LV3 constructs
contained viable cells and were vasoresponsive.

Discussion

In this study, we report on the results of a novel strategy
for the construction of TEBVs that have improved structural
and functional properties. The strategy involves the use of
cell-mediated overexpression of the versican variant V3

combined with ascorbate deprivation, both of which en-
hanced the production of elastin. Engineered vascular con-
structs formed by the V3-overexpressing ASMCs were
enriched in crosslinked elastin, had thicker collagen fiber
bundles, increased compliance, and higher burst strengths
compared with control vessels that lacked V3. In addition,
these constructs were both viable and vasoresponsive, fac-
tors paramount for their application as in vivo grafts.

V3-overexpressing adult ASMCs are elastogenic,15 which
is uncharacteristic of native adult cells.26 Not only do LV3
ASMCs show increased expression of tropoelastin in vitro
but also the expression is maintained over time in compari-
son to empty-vector (LX) ASMC controls. Previous studies
have shown that elastin synthesis by LV3 ASMCs is ac-
companied by organization of the elastin into functional
elastic fibers and lamellae. For example, V3-transduced rat
ASMCs introduced into balloon-injured rat carotid arteries
in vivo produce neointimas with highly structured elastic
lamellae similar to lamellae in the media of healthy arteries.15

In this study, use of V3 ASMCs conferred similar structural
and functional benefits to engineered vascular constructs.

The use of SMCs in the construction of a functional TEBV
has been attempted previously.27,28 Success, however, has
been limited for a number of reasons. One reason is the high
expression by ASMCs of GAGs or GAG-bearing ECM pro-
teoglycans, such as versican, which lead to looser, less
structurally cohesive ECM.14,29 This is a particular problem
in TEBVs that incorporate human ASMCs, which have a
characteristically high expression of proteoglycans and GAGs

FIG. 4. LV3 vascular constructs have less proteoglycan=glycosaminoglycan staining, and more elastin than LX vascular
constructs. Paraffin sections of LV3 and LX vascular constructs were analyzed histologically. Movat’s stain shows significantly
more proteoglycan=glycosaminoglycan (blue=brackets) in LX constructs (A) versus LV3 constructs (B). Immunohistochemistry
(IHC) for tropoelastin reveals that LV3 constructs (D) have quantitativelymore staining than LX constructs (C) with relatively dense
deposits of elastin arranged in lamellae (D, arrows) that resemble the elastic lamellae present in a native rat aorta immuno-
labeled for tropoelastin (E, arrows). Scale bars¼ 100 microns. Color images available online at www.liebertonline.com=ten.
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FIG. 5. LV3 vascular constructs have thicker collagen fiber bundles. Picrosirius red staining and imaging under polarized
light shows that LX constructs have relatively fine (green) bundles of collagen fibers (A, C), whereas LV3 constructs have
thicker (yellow-red) collagen fiber bundles (B, D)—a result supported by transmission electron microscopy assays (E). In
contrast, the average collagen fibril diameter of LV3 constructs was slightly less than that of LX constructs (F). Among LV3
and LX constructs, exposure to ascorbate reduced collagen bundle thickness (E), but had little effect on collagen fibril
diameter (F).
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in comparison to rat or mouse ASMCs.30 Notably, GAGs
inhibit elastin expression (particularly, CS-GAGs)15,16,31

and also have a limiting effect on collagen fibril thickness.29

There is recent evidence that the inhibiting effect of GAGs on
collagen fibril thickness is mediated by proteoglycan-bound
GAG (e.g., decorin) and not by free GAG.32 GAGs and CS-
proteoglycans may also increase matrix metalloproteinase
activity.33 Correspondingly, the increased concentration of
GAGs that we observed in the control LX vascular constructs
relative to the LV3 constructs was associated with thinner
collagen fibril bundles and a lower content of elastin and
elastin-associated proteins which may have contributed to
the LX constructs being structurally weaker than the LV3
constructs. Collectively, our results and those of others un-
derscore the importance of developing methods to limit
GAG content (such as the CS of specific proteoglycans) in
TEBVs.

In vascular tissue engineering, ascorbate has often been
added to culture media to promote collagen synthesis.7,27,28

Ascorbate, however, inhibits the synthesis of both elastin and
LOX (which mediates elastin crosslinking),17,34 and upregu-
lates proteoglycans that are thought to inhibit elastin syn-
thesis.35 This is consistent with our findings that the
synthesis of elastin and a number of other molecules critical
to elastic fiber assembly was increased when ascorbate was
removed from the culture media. With respect to collagen
synthesis and organization, we found that exposure of LV3
and LX vascular constructs to ascorbate was associated with
reductions in the thickness of collagen fiber bundles. The
reason for this effect of ascorbate is unclear; however, it may
be linked to suppressed elastin synthesis, since we found that
expression of V3 in vascular constructs was associated with
increases both in elastin deposition and the thickness of
collagen fiber bundles.

FIG. 6. Incorporation of LV3 ASMCs into engineered vascular constructs increases tropoelastin, elastin-associated proteins,
and desmosine content, all of which are decreased in the presence of ascorbate. (A) Expression of tropoelastin mRNA was
significantly greater in LV3 constructs than in LX constructs and was substantially decreased for both LV3 and LX constructs
in the presence of ascorbate. (n¼ 4). (B) LV3 constructs had increased desmosine content compared with LX constructs.
Removal of ascorbate significantly increased the amount of desmosine in both LX ( p< 0.024) and LV3 ( p< 0.0003) constructs
(n¼ 6). (C) Elastin-associated proteins fibulin-5 and fibrillin-1 were elevated in LV3 constructs compared with the LX
controls. Ascorbate reduced the levels of fibulin-5, fibrillin-1, and LOX for the LV3 constructs, while increasing the levels of
fibrillin-1 for the LX constructs. For each mRNA, values were normalized to the LXþ ascorbate expression level. (D) In LV3
constructs, expression of mRNAs for tropoelastin and the elastin-associated proteins fibulin-5, fibrillin-1, and LOX was
significantly reduced in the presence of ascorbate ( p< 0.05). In (D), mRNA levels were normalized to the LV3þ ascorbate
expression level.
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The formation of mature elastic fibers and lamellae is de-
pendent on a series of coordinated events. Microfibrillar
ECM scaffolds are thought to be necessary to properly orient
tropoelastin monomers for optimal crosslinking.36 Once ori-
ented, tropoelastin monomers are crosslinked at lysine resi-
dues (forming desmosine crosslinks) by members of the LOX
family of enzymes, which are localized to the ECM microfi-

brillar scaffold. Important microfibrillar scaffold proteins
include members of the fibrillin and fibulin families. The
importance of fibrillin and fibulin in elastogenesis has been
demonstrated by mouse knockout studies and in disease
models such as Marfan,37 cutis laxa,38 and Costello39 syn-
dromes. In this study, we found that increased elastogenesis
induced by V3 in ASMC monolayer cultures and vascu-
lar constructs was associated not only with increases in
tropoelastin mRNA and protein but also with mRNA for
fibulin-5 and fibrillin-1. Interestingly, LOX mRNA was either
unaffected or reduced in LV3 monolayer cultures and vas-
cular constructs when compared with their LX counterparts,
whereas desmosine content was consistently elevated in LV3
ASMC monolayers and constructs compared with LX con-
trols. This suggests that crosslink activity is independent of
LOX expression, or the changes that we observed in LOX
mRNA are insufficient to change the ability of LOX to cata-
lyze crosslinks. Given the ability of V3 to change the struc-
ture of ECM and levels of microfibrillar proteins on which
LOX is docked, V3 may influence LOX catalytic activity—an
area worthy of further study.

There were significant histological differences between
LV3 vascular constructs and their LX controls. LV3 con-
structs had lower levels of GAGs, thicker, more mature col-
lagen bundles, and more elastic fibers than LX constructs.

FIG. 7. Pressure versus strain analysis of representative
LV3 and LX vascular constructs. (A) LV3 constructs are
slightly more elastic at low strains (0–12%) and fail at much
higher pressures than LX constructs cultured under similar
conditions. (B) LX constructs cultured in the absence of
ascorbate had significantly decreased elasticity and increased
burst pressure compared with LX constructs cultured in the
presence of ascorbate. (C) LV3 constructs cultured in the
absence of ascorbate are slightly more elastic at low strains
and have higher burst pressures than LV3 constructs ex-
posed to ascorbate. In (A–C), the standard deviations of the
measurements were very small (2% or less); therefore, error
bars are not shown for the sake of clarity.

Table 2. Compliance

Compliance (%=100 mmHg)

LV3� ascorbate 14.4� 0.1 (8)
LV3þ ascorbate 13.1� 0.3 (7)
LXþ ascorbate 12.2� 0.1 (6)
LX� ascorbate 8.5� 0.2 (7)

Compliance calculations indicated that the LV3 constructs with
the ascorbate removed were the most compliant followed by, in
descending order, LV3þ ascorbate, LXþ ascorbate, and LX�
ascorbate. The values represent mean� standard deviation (n values
are shown in parentheses).

FIG. 8. Engineered vascular constructs are viable and va-
soresponsive. Ringlets from LX and LV3 vascular constructs
were evaluated for vasoresponse in a tissue myograph. Both
contractile (U46619-induced) and relaxation (Na nitroprus-
side [SNP]-induced) modes of vasoresponse were tested at
the indicated concentrations (M). Arrows indicate the times
at which U46619 and SNP were added to the test chamber.
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The decrease in GAG content and increase in elastin depo-
sition in the LV3 constructs were expected, given the previ-
ously observed effects of V3 expression on neointimal
organization in balloon-injured carotids of rats15 and rab-
bits.40 What was unexpected was our finding that V3 over-
expression in our vascular constructs led to the apparent
deposition of thicker collagen fiber bundles. The observed
effect of V3 expression on collagen fibril organization in vivo
may relate to the lower levels of GAGs seen in the LV3
vascular constructs. For example, it has been shown in mice
that addition of high concentration of GAGs to sponge im-
plants leads to the production of thinner=finer collagen fibers
in granulation tissue.41 The increased thickness of collagen
fiber bundles in the LV3 constructs may contribute to their
strength and stability. Moreover, a robust collagen network7

along with large collagen fiber bundle size has been shown
to limit collagen turnover, perhaps by limiting the suscepti-
bility of the collagen to cleavage by collagenases.42 Further,
Wells et al.25 determined that qualitative differences in the
collagen network (e.g., crosslinks) affected the vessel per-
formance more than levels of collagen production. Alter-
natively, the increased wall thickness we observed in LV3
constructs may in part explain the increased mechanical
stability of LV3 constructs, but will require further study.
These observations, in combination with the observations of
Merrilees et al.15,40 in neointima and the findings of the
present study, suggest that introduction of V3 in native or
engineered tissue mediates the production of a more com-
pact, organized ECM with improved strength and stability.

For optimal performance, it is generally accepted that
TEBVs should closely reproduce the viscoelastic character-
istics of native blood vessels. Numerous studies have shown
that synthetic TEBVs and autologous vein grafts exhibit
compliance and caliber mismatch with their recipient arteries,
which elicits intimal hyperplasia leading to graft apatency.43–

45 Therefore, achieving a close match of caliber and compli-
ance between the graft and the recipient artery is of critical
importance. Using the methods described here, TEBVs can
be fabricated with diameters that match recipient vessels and
with compliances within natural ranges. The constructs we
produced exhibited an 8–14% compliance, which is similar to
a 6–16% compliance range that others have determined for
small caliber (<7 mm diameter) native arteries.46

With regard to stress–strain behavior, our engineered
vascular constructs first responded, following pressurization
of the lumen, with high elasticity to a point of inflection
where the subsequent responses were much less elastic. This
division of the stress–strain response into regions of dis-
tinctly different elasticity is characteristic of native blood
vessels.25 Consistently, LX constructs were less elastic than
LV3 constructs at low strains. At higher strains (i.e., beyond
the inflection point of the plot), where, in native vessels, the
load is transferred primarily to collagen fibrils,25 the LV3
constructs failed at much higher pressures than the LX con-
structs. Notably, removal of ascorbate from LV3 constructs
increased their elasticity and burst pressure, which may re-
flect our finding that limiting exposure to ascorbate increases
elastin-associated protein deposition, elastin and elastin
crosslinking, and also the size of collagen fiber bundles.

Curiously, the LX constructs cultured in the absence of
ascorbate did not show a significant change in elastin
expression relative to LX constructs exposed to ascorbate

(Fig. 6A), but were less elastic based on modulus at all strains
(Fig. 7B), These results might, in part, be a consequence of the
higher levels of desmosine crosslinks (Fig. 6B) and thicker
collagen fiber bundles (Fig. 5E) found in the LX constructs
cultured in the absence of ascorbate.

In conclusion, we have constructed viable and
vasoresponsive engineered vascular constructs from V3-
overexpressing ASMCs. Compared with the empty-vector
controls, the LV3 constructs were enriched in elastin and
elastin-associated proteins, had elevated levels of elastin
crosslinking, exhibited increased structural integrity with
higher burst strengths, and were more compliant. In addition,
limitation of exposure to ascorbate significantly improved the
structural and biomechanical properties of the constructs.
While the constructs described here do not meet the threshold
of burst strength considered desirable for safe implantation
in vivo,47,48 the use of V3-overexpressing ASMCs and limita-
tion of ascorbate may ultimately improve the performance of
TEBVs through provision of a stronger, more elastic vascular
media. Potentially, by combining engineered media populated
with ASMCs with mechanically strong, fibroblast-based
engineered adventitial layers (fibroblastic constructs have re-
cently shown promising results as vascular grafts in humans3),
a highly functional human TEBV could be produced.
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